S ubarachnoid hemorrhage (SAH) from a ruptured aneurysm is accompanied by several complications, including electrolyte abnormalities, vasospasm, hydrocephalus, cardiac dysfunction, and pulmonary edema. 15, 16, 18 Among these complications, delayed cerebral ischemia (DCI) remains an important cause of morbidity and death. 15 Many studies have investigated the prevention or treatment of DCI after SAH.
for preventing DCI after SAH. 2, 17 In contrast, triple-H therapy has been shown to not be superior to normovolemic fluid therapy in the prevention of DCI. 5 Moreover, Lennihan et al. 19 have reported that triple-H therapy does not increase cerebral blood flow. Therefore, it is necessary to validate the benefits of triple-H therapy and clarify the characteristics of systemic circulation after SAH.
Volume management is critical in the treatment of patients with SAH. However, maintaining optimal fluid balance in these patients is sometimes difficult. Some studies have suggested that triple-H therapy increases the incidence of heart failure and pulmonary edema in patients with SAH. 5, 19, 38 Pulmonary edema is common after SAH; neurogenic pulmonary edema may occur in the acute phase of SAH. Moreover, pulmonary edema associated with SAH has a variety of causes. Pulse contour analysis using a PiCCO-plus device (Pulsion Medical Systems) calibrated by transpulmonary thermodilution was used recently to monitor various parameters, including cardiac output, contractility, afterload, volume management, and lung water, in critically ill patients. 23, 30 Accordingly, in this multicenter prospective cohort study, we investigated postoperative changes in the cardiopulmonary circulation in patients with SAH by using the PiCCO-plus pulse contour device.
methods study population
A total of 204 patients with SAH were enrolled between October 2008 and April 2012 from 9 institutions in Japan. The patients or their families provided written informed consent before participation. The exclusion criteria were as follows: age ≤ 15 years, disappearance of brainstem reflexes, cardiopulmonary dysfunction requiring percutaneous cardiopulmonary support, and pregnancy.
study protocol
For each patient, PiCCO-plus monitoring was started after surgery for SAH. A PiCCO catheter (Pulsion Medical Systems) was inserted into the brachial or femoral artery, and a central venous line was inserted into the superior vena cava. Both lines were connected to the PiCCO-plus device to continuously monitor cardiac output, contractility, and afterload. Transpulmonary thermodilution was performed to monitor volume management and lung water. To obtain measurements, we administered a 15-ml bolus injection of ice-cold saline solution into the superior vena cava of each patient, and the thermistor of the PiCCO catheter was placed in the brachial or femoral artery. Transpulmonary thermodilution was performed 3 times/day, and the average value was stored in the SAH PiCCO databank.
parameters and measurements
The PiCCO-plus system calculates cardiac output from thermodilution curves according to the Stewart-Hamilton algorithm and the mean transit time and exponential downslope time of the thermodilution curve. The intrathoracic thermal volume was calculated as the product of cardiac output and mean transit time, and the pulmonary thermal volume was calculated as the product of cardiac output and exponential downslope time. 21 The global enddiastolic volume index (GEDI) was defined as the difference between the intrathoracic and pulmonary thermal volumes. 25, 31 The cardiac function index was defined as the ratio of cardiac output to the GEDI. The intrathoracic blood volume was calculated as GEDI × 1.25. Extravascular lung water volume was calculated as the difference between the intrathoracic thermal volume and the intrathoracic blood volume. 26 The pulmonary blood volume was calculated as the difference between the pulmonary thermal volume and extravascular lung water volume. The pulmonary vascular permeability index (PVPI) was defined as the ratio of the extravascular lung water volume to pulmonary blood volume.
The reference ranges for each parameter were as follows: cardiac index (CI) (cardiac output indexed to body surface area),
; systemic vascular resistance index (SVRI), 1700-2400 dynes × sec × cm -5 × m; GEDI (indexed to body surface area), 680-800 ml/m 2 ; intrathoracic blood volume (indexed to body surface area), 850-1000 ml/m 2 ; extravascular lung water index (ELWI) (extravascular lung water volume indexed to body weight), 3.0-10.0 ml/kg; and PVPI, 1.0-3.0.
The following data were stored in the SAH PiCCO databank: various PiCCO-plus measurements, World Federation of Neurosurgical Societies (WFNS) grade, 37 Hunt and Kosnik grade, 12 Fisher grade, 6 aneurysm site, treatment, serum brain natriuretic peptide concentration for PiCCO catheter insertion (PiCCO on) and removal (PiCCO off), laboratory blood values from admission to Day 14, daily water balance, central venous pressure, development of DCI, and the relationship between triple-H therapy and the incidence of pulmonary edema. Echocardiographic and electrocardiographic data were not stored in the SAH PiCCO databank. DCI was defined as a new neurological deterioration, either transient or permanent, in the absence of any other identifiable cause of neurological deterioration, including surgical complication, hydrocephalus, intracranial rebleeding, seizure, infection, and metabolic disturbance. 34 Pulmonary edema was defined as an arterial oxygen partial pressure to fractional inspired oxygen ratio of < 300 and evidence of bilateral infiltrative shadows on chest radiography. 23 Patient outcomes were evaluated on Day 30 by using the Glasgow Outcome Scale.
14 Morbidity was defined as any result other than satisfactory recovery.
statistical analysis
The chi-square test was used to analyze differences in the morbidity, mortality, and symptomatic vasospasm rates between patients with pulmonary edema (PE group) and those without pulmonary edema (non-PE group). The Mann-Whitney U-test was used to compare blood laboratory examination results, gross water balance, central venous pressure, and PiCCO-plus measurements between the 2 groups. All statistical analyses were performed by using GraphPad Prism version 5.0 (GraphPad Software, Inc.), except for the multivariate regression analysis, which was performed by using JMP 11 (SAS Institute, Inc.). A p value of < 0.05 was set as the level of significance.
results
Of the 204 patients enrolled in the SAH PiCCO study (see Appendix for a list of participating centers), 52 patients (25.5%) developed pulmonary edema (PE group). Table 1 shows the baseline characteristics of the patients. One patient with Hunt and Kosnik grade and Fisher grade data missing from the SAH PiCCO databank was excluded from the analysis. Patients in the PE group were significantly older than those in the non-PE group (p = 0.015). The mean serum brain natriuretic peptide level at the time of PiCCO catheter insertion was significantly higher in the PE group than in the non-PE group. Hunt and Kosnik grades, Fisher grades, and aneurysm locations were not significantly different between the PE and non-PE groups. Forty-four patients (21.6%) developed DCI. Seventy-one patients (34.8%) received triple-H therapy; 23 (32.4%) of these patients developed pulmonary edema. The morbidity rates in the PE and non-PE groups were 63.5% and 47.4%, respectively (p = 0.054). The mortality rates in the PE and non-PE groups were 7.7% and 5.8%, respectively (p = 0.73).
Reliable data were obtained for 177 patients (49 in the PE group and 128 in the non-PE group). Figure 1 shows the cardiac output, contractility, and afterload in both groups.
The CI was significantly lower in the PE group than in the non-PE group on Day 2 (p = 0.017) and Day 10 (p = 0.022).
The cardiac function index was significantly lower in the PE group than in the non-PE group on Day 10 (p = 0.039).
The global ejection fraction was not significantly different between the groups. Compared with the non-PE group, the mean arterial pressure was significantly lower in the PE group on Day 5 (p = 0.010), Day 7 (p = 0.019), and Day 10 (p = 0.013). The SVRI was not significantly different between the groups. Figure 2 shows the volume management and lung water content results according to PiCCO-plus monitoring. The ELWI was significantly higher in the PE group than in the non-PE group on between the 2 groups. The PVPI was significantly higher in the PE group than in the non-PE group on Day 6 (p = 0.029) and Day 10 (p = 0.011). The causes of pulmonary edema presumably differ according to the timing of onset after SAH. Therefore, pulmonary edema onset was classified as 1 of 2 phases: early or delayed. Horie et al. 28 defined the vasospasm period as Days 6-8 after SAH. Therefore, Days 1-5 and 6-14 after SAH were defined as the early and delayed phases, respectively. Eighteen and 14 PE group patients developed pulmonary edema in the early and delayed phases, respectively. In addition, 19 patients developed pulmonary edema on Day 0. PiCCO data from the onset of pulmonary edema in these patients were not recorded. Therefore, data from patients with pulmonary edema that developed on Day 0 were not included in the early-phase analyses.
Early-phase PiCCO data are shown in Figs In the delayed phase, the ELWI (p = 0.039), PVPI (p = 0.031), and daily water balance (p = 0.025) were significantly higher in the PE group than in the non-PE group on Day 6. In addition, the PVPI tended to be higher in the PE group than in the non-PE group on Day 9 (p = 0.054) and Day 10 (p = 0.069). The CI, global ejection fraction, and SVRI were not significantly different between the groups. The GEDI was significantly higher in the PE group than in the non-PE group on Day 8 (p = 0.0036) and Day 9 (p = 0.030). Central venous pressure was significantly higher in the PE group than in the non-PE group on Day 11 (p = 0.005) and Day 12 (p = 0.023). The serum C-reactive protein (CRP) level was significantly higher in the PE group than in the non-PE group on Day 5 (p = 0.046), Day 8 (p = 0.021), and Day 9 (p = 0.036). In contrast, neither white blood cell count nor body temperature differed significantly between the groups (Figs. 5 and 6 ). Last, neither the ELWI nor the PVPI was associated with serum CRP levels, which reflect the degree of inflammation (Fig. 7) . Multivariate analysis revealed that age, WFNS grade, and PVPI on Day 6 were independent risk factors for the occurrence of pulmonary edema in the delayed phase (p = 0.002, 0.009, and 0.024, respectively; Table 2 ).
The serum CRP levels in the delayed-phase PE and non-PE groups were highest on Day 3. Therefore, we analyzed the relationship between serum CRP level and ELWI on Day 3. The serum CRP level on Day 3 was positively correlated with ELWI on Day 3 in the delayed-phase PE group (Fig. 8) .
discussion
Pulmonary edema is a critical complication after SAH that significantly increases the risk of morbidity and death. 7 Recent studies indicated that 10%-29% of patients with SAH develop pulmonary edema. 7, 11, 24 Moreover, Horie et al. 28 reported that surgical clipping can increase the incidence of pulmonary edema during the vasospasm period. Pulmonary edema worsens the prognosis of SAH and increases the mortality rate. 20 Therefore, preventing the development of pulmonary edema in patients with SAH is of utmost importance. In our study, the incidence of pulmonary edema in patients with SAH was 25%, and the rate was higher in older patients. This finding is consistent with those of previous studies. 7 The PE group had a worse SAH grade than the non-PE group. 7, 10 Regarding radiological findings, severe bleeding is observed more often in patients with pulmonary edema. 24 In addition, pulmonary edema is biphasic depending on the aneurysm location (i.e., anterior or middle cerebral artery aneurysm in the acute phase or internal carotid artery aneurysm in the spasm phase). 27 In our study, clinical grade, Fisher grade, and aneurysm location did not differ significantly between the PE and non-PE groups. The incidence of pulmonary edema in patients who received triple-H therapy was 32%, which is similar to that of the entire study population (25.5%). Furthermore, triple-H therapy did not affect the development of pulmonary edema even after adjusting for circulatory data, including water balance. Moreover, Tagami et al. 36 reported that triple-H therapy is not associated with improved clinical outcomes or quantitative hemodynamic indicators of intravascular volume.
The GEDI, CI, ELWI, and PVPI were examined to evaluate the cause of pulmonary edema and patient hemodynamics after SAH. According to the Frank-Starling law, 8 which describes the relationship between cardiac preload and the force of cardiac contraction, the force of left-ventricular contraction increases with increasing leftventricular end-diastolic volume.
1 Thus, preload is described in terms of left-ventricular end-diastolic volume. PiCCO-plus monitoring assesses the GEDI according to transpulmonary thermodilution. The GEDI clearly indicates cardiac preload under all circumstances, including mechanical ventilation, and can serve as a predictive factor for DCI and pulmonary edema. Yoneda et al. 39 reported that patients with DCI exhibit a decreased GEDI in the early stage of SAH (i.e., Days 3-5). Meanwhile, Tagami et al. 35 demonstrated that the mean GEDI is an independent predictor of the occurrence of pulmonary edema, and a GEDI of > 921 ml/m 2 is significantly associated with the development of severe pulmonary edema. In addition, an ELWI of > 10 ml/kg is more accurate for diagnosing pulmonary edema than clinical symptoms or chest radiograph findings. 22 Furthermore, the ELWI is an independent predictor of prognosis. 22 PVPI measurements can be used to differentiate hydrostatic pulmonary edema from acute lung injury/acute respiratory distress syndrome (i.e., noncardiogenic pulmonary edema) with acceptable accuracy. Pulmonary edema can be differentiated as cardiogenic or noncardiogenic. Cardiogenic pulmonary edema is caused by increased hydrostatic pressure secondary to increased pulmonary vascular pressure. 23, 33 Meanwhile, noncardiogenic pulmonary edema is caused by changes in the permeability of the pulmonary capillary membrane as a result of a direct or indirect pathological process. 23 Several conditions (such as aspiration) directly injure the lungs and alveoli, whereas systemic conditions (such as severe sepsis and severe pancreatitis) damage the lungs via indirect mechanisms. 29 Neurogenic pulmonary edema is a noncardiogenic pulmonary edema that develops during the acute phase of SAH. This clinical syndrome is characterized by an increase in interstitial and alveolar fluid in response to an acute central nervous system injury (e.g., SAH or severe head injury). 4 Neurogenic pulmonary edema occurs as a result of a surge in the levels of endogenous serum catecholamines, which may result in changes in cardiopulmonary hemodynamics. 3 We evaluated patient hemodynamics after SAH by using a PiCCO-plus device and found that the cause of pulmonary edema differed according to the timing of its onset. According to the PiCCO databank, 19 patients developed pulmonary edema on the day of SAH onset. In these cases, pulmonary edema was caused specifically by neurogenic pulmonary edema. In the other cases of pulmonary edema, a significant biphasic decrease in the CI was observed. The daily water balance of the PE group was slightly positive in the early phase. The PVPI was significantly higher in the PE group than in the non-PE group at 2 separate time points. Sato et al. 32 reported that the onset of pulmonary edema after SAH is biphasic. 32 PE that occurs immediately after SAH is cardiogenic because of low contractility, whereas PE that occurs on Day 7 or later after SAH is hydrostatic because of low contractility and hypervolemia. In our study, although the onset of pulmonary edema after SAH was biphasic, the mechanisms of pulmonary edema clearly differed between the early and delayed phases. In particular, low contractility was not observed in the delayed phase, which was attributed to the improved management of SAH with the PiCCO-plus device. In the PE group, the CI decreased without any change in the SVRI in the early phase. During this period, net water balance was positive, whereas the GEDI, which is a preload indicator, increased slightly. Meanwhile, the PVPI did not increase, and serum brain natriuretic peptide levels were higher. During the early phase, the numbers of patients with preexisting conditions that affect cardiac function were not significantly different between the PE and non-PE groups. These findings indicate that pulmonary edema that occurs in the early phase after SAH is a result of cardiac failure.
Changes in cardiac function were not observed during the delayed phase. However, net water balance was positive on Day 6, and preload increased significantly on Days 8 and 9. Therefore, pulmonary edema that occurs in the delayed phase is noncardiogenic pulmonary edema with hypervolemia. It was difficult to determine whether a direct or indirect mechanism was involved in the etiology of noncardiogenic pulmonary edema. Thus, the cause of noncardiogenic pulmonary edema was attributed to an inflammatory process. Multivariate analysis revealed that the high PVPI on Day 6 was independently associated with the occurrence of pulmonary edema in the delayed phase. Although PiCCO parameters were not associated with the serum CRP level, the high serum CRP levels and PVPIs in the delayed-phase PE group suggest that pulmonary edema in the delayed phase is caused by inflammation. The serum CRP level on Day 3 indicated that the general inflammatory reaction in the early phase may be useful in predicting the occurrence of pulmonary edema in the delayed phase. Thus, patients with a serum CRP level of > 7.4 mg/dl on Day 3 after SAH may be at an increased risk of developing pulmonary edema in the delayed phase.
The limitations of this study include the lack of PiCCO data at the time of SAH onset and the lack of cardiac function evaluation. Because neurogenic pulmonary edema occurred in the early phase, it was not evaluated by using PiCCO data. Second, echocardiographic and electrocardiographic data were not recorded in the PiCCO databank for the evaluation of cardiac function. The PiCCO data indicated that cardiogenic causes were responsible for pulmonary edema that occurred in the early phase after SAH. However, echocardiographic or electrocardiographic data are required to explain the cause of the cardiac dysfunction.
conclusions
The results of this study have clarified the circulatory characteristics of pulmonary edema after SAH. The cause of pulmonary edema is related to the timing of its onset after SAH. In the early phase, cardiac failure is the cause of pulmonary edema. PiCCO-plus monitoring can be used to easily obtain the ELWI, CI, and PVPI, which are helpful in diagnosing pulmonary edema.
